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H.-X. LIU 

Annual report for award number DAMD17-96-1-6172 

The proposed goals of my research were to identify exonic splicing enhancer 

(ESE) motifs recognized by SC35 and SRp30c (aim 1), to study the distribution 

of SR-specific ESE motifs in natural genes and their implication to splicing and 

gene function (aim 2), to characterize a substrate-specific splicing factor (aim 3), 

and to identify and clone this splicing factor (aim 4). Aims 1, 2 and 3 have been 

completed with a slightly different emphasis. Preliminary experiments have been 

carried out towards aim 4. 

Identification of ESE motifs recognized by SC35 and SRp30c under 

splicing  conditions 
A functional SELEX procedure similar to the one I reported earlier this year 

(Liu et ah, 1998) was used to study the sequence specificity of the human SR 

proteins SC35 and SRp30c under splicing conditions. The winner sequences of 

SC35 have the consensus GGYYCSYR (Y represents pyrimidine; S represents G 

or C; R represents purine). The content of G, A, and T residues in the SC35 

winner pool did not change significantly from the initial RNA pool. The C residue 

content increased from 19% to 23%. In agreement with our previous functional 

SELEX data, the SC35 consensus sequence is highly degenerate. A score matrix 

was generated according to the frequency of each nucleotide at each position of 

the consensus motif. These score matrices were used to search the high-score 

motifs in each winner sequence, including 18 nt of the 5' and 20 nt of the 3' 

flanking regions. Often more than one high score motif could be found in each 

winner sequence. The high scores of SC35 winner sequences ranged from 1.2 to 

3.6, with a mean score of 2.6. The random pool gave a lower mean score of 1.8 

when searched by the same score matrix. SC35 was previously shown to 

recognize two groups of sequences in SELEX procedures based on binding 

(Tacke and Manley, 1995). The reported sequences, AGSAGAGTA and 

GTTCGAGTA, are significantly different from, and simpler than, the consensus 

motif I found. 

In the case of SRp30c, I carried out three rounds of functional SELEX. 

Thirty-six independent clones were sequenced. Many duplicates were found. One 

winner sequence, Gl, was duplicated 17 times. The SRp30c-type ESEs have the 

consensus RRNCGUAACC (R represents purine; N represents any nucleotide). 
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H.-X. LIU 
The frequency of duplication did not correlate with the magnitude of the high 

score motif in each winner sequence. The mean score of the SRp30c winner pool 

was 2.62. When searched by the same score matrix, the initial RNA pool gave a 

mean score 0.4. The duplication of SRp30c winners indicates that the selection 

procedure was overperformed. A loss of information is therefore, expected for the 

ESE motifs selected by this protein. 

The selected ESE motifs of SC35 and SRp30c are functional 

I next tested whether the selected sequences could function as true splicing 

enhancers. A number of sequences with varied scores were chosen from the 

winner pool of SC35, and subjected to splicing in nuclear extract or in S100 

extract complemented by SC35. Four out of five SC35 winner sequences 

activated IgM pre-mRNA splicing very efficiently in nuclear extract. They 

promoted IgM splicing in S100 extract complemented by SC35 but not in S100 

extract alone. One winner sequence of the SC35 winner pool, D5, did not appear 

to be an efficient splicing enhancer. In general, the splicing efficiency correlated 

well with the highest score in the winner sequence. However, the correlation 

between splicing efficiency and scores is not linear. This could be explained by 

the fact that some winner sequences have more than one high-score motif. Several 

sequences from the random RNA pool were also examined for in vitro splicing. 

All of them spliced poorly in nuclear extract. In many cases the RNA precursors 

were degraded, suggesting that spliceosomal complexes did not form with these 

RNAs. 

The enhancer activity of a few SRp30c winner sequences was also 

examined. These sequences also activated IgM pre-mRNA splicing in nuclear 

extract very efficiently. They also promoted IgM splicing in S100 extract 

supplement with recombinant SRp30c but not in SI00 alone, although the 

efficiency was low. In SI00 extract, the SRp30c winner sequences appeared to be 

weaker enhancers than the SC35 winner sequences. However, they were as 

potent as the SC35 winners when tested in HeLa nuclear extract. 

The selected SC35 ESE motifs are specific and biologically 

significant 

Next I studied the SR protein specificity of the SC35-selected ESEs. This 

experiment was carried out in S100 extract complemented by SC35, SF2/ASF, 

SRp40 or SRp55. All the tested SC35 winners could splice in SI00 extract when 
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H.-X. LIU 
complemented by SC35, SRp40 or SRp55. When complemented by SF2/ASF, 

the splicing efficiency was lower. 

To ask the question if the selected ESE motifs are relevant to splicing of 

natural pre-mRNA substrates, I conducted a search of SC35 high-score motifs in 

natural genes. Only the scores higher than the lowest score of the SC35 winner 

pool were considered. For comparison, I also searched the high-score motifs of 

SF2/ASF in these genes. The first gene I examined was the M2 exon of the IgM 

gene. The search result indicated that there are many SC35 ESE motifs in the 

characterized natural ESE. The distribution of SC35 high-score motifs is different 

from that of SF2/ASF. SF2/ASF-specific motifs exist at a much higher density in 

the natural ESE than the flanking region. In contrast, SC35 high-score motifs 

have a relatively even distribution across the M2 exon. 

To address the issue of whether the identified ESE motifs are specific to 

SC35, I searched two additional pre-mRNA substrates that have different SR 

specificity, encoded by the IgM gene C4 exon and the Tat gene T3 exon. Splicing 

of transcripts from the IgM C3-C4 mini-gene (note the difference from the IgM 

M1-M2 mini-gene which I used for the SELEX study) is activated in SI00 extract 

when complemented by SC35 but not by SF2/ASF, as shown in recent work 

from our lab (Mayeda et al, in press). In contrast, the Tat T2-T3 mini-gene is 

only activated by SF2/ASF but not by SC35 in S100 extract (Chandler et al, 

1997); Mayeda et al, in press). After the deletion of an SC35-specific silencer in 

the 3' region of the T3 exon, both SF2/ASF and SC35 can activate the T2-T3 

splicing in SI00 extract. Detailed analysis of the splicing of these two pre- 

mRNAs showed that the C4 exon and T3 exon determine the SR protein 

specificity (Mayeda et al, in press). My motif search results match the 

experimental data. Many high-score motifs matching the consensus of SC35 are 

present in the C4 exon. Only two SF2/ASF motifs are present in this exon. High- 

score motifs for both SF2/ASF and SC35 are located in the T3 exon of the Tat 

gene. 

Finally, I studied the distribution of high-score motifs of the SC35-type ESE 

in human exons versus introns. A total of 570 genes, representing 2626 exons 

(426 kb) and 2079 introns (1,295 kb), were extracted from the ALLSEQ database 

(Burset and Guigo, 1996) and analyzed. Scores equal to or higher than the mean 

score of the winner pool were taken into account. High-score motifs appeared 

more frequently in exons than in introns. An average of 9 high-score motifs were 

found per kilobase of exon but only 5.9 high-score motifs were found per 
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H.-X. LIU 
kilobase of intron. This comparison was statistically significant since a large 

database was used and the p-value is less than 10"10. 

Survey of natural ESEs in human disease genes 

A total of 23 natural ESEs have been compiled and analyzed using the score 

matrices for SF2/ASF, SRp40, and SRp55. Our analysis was consistent with the 

experimental data of others and of our own lab. Many examples were described in 

last year's report and published (Liu et al, 1998). Here I will focus on the survey 

results of a few human disease genes. 

A nonsense mutation (G to T) in the breast cancer susceptibility gene, 

BRCA1, exon 18 causes skipping of the entire exon (Mazoyer et al., 1998). This 

mutation was found in a family with four cases of breast cancer and four cases of 

ovarian cancer. The skipping of exon 18 retains the same reading frame and 

removes 26 amino acids, disrupting the first BRCT domain of BRCA1. The 

skipping mechanism was interpreted to be related to nonsense codon-mediated 

disruption of splicing. I searched exon 18 with the SF2/ASF score matrix and 

found a high-score motif that was eliminated by the point mutation. I then 

constructed a mini-gene containing the sequence from exon 17 to exon 19 of the 

BRCA1 gene. Mini-gene transcripts were spliced in HeLa nuclear extract. 

Remarkably, exon 18 was fully included in the wild-type context but fully 

skipped in the nonsense mutant. Preliminary gel-shift analysis indicates that the 

mutant RNA binds SF2/ASF with reduced efficiency. I conclude that exon 18 

skipping is due to the failure of SF2/ASF to recognize a specific ESE during the 

early stages of splicing. I further showed that a missense mutation at the same 

position that lowers the SF2/ASF score has the same effect, indicating that this 

phenomenon is not linked to the recognition of in-frame nonsense codons. 

Another example is the skipping of exon 51 in the fibrillin-1 (FBN1) gene 

exon 51, which is caused by a silent mutation. Using the SRp55 score matrix, I 

found two high-score motifs that were ehminated by this single mutation. I am 

currently testing splicing of the mini-fibrillin gene in vitro. I have also searched 

other human disease genes. The results correlate well with experimental data. 

These SR protein-score matrices are very useful for characterizing human gene 

mutations. To understand the mechanism of a certain mutation in a disease gene, a 

major effort is required when using traditional methods. The score matrices can 

point to the relevant mechanism much faster when the mutations involve SR 

protein-exon sequence interactions.  My work  also  suggests  that ESEs  are 
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extremely prevalent in metazoan exons, and that the phenotypes of many missense 

and nonsense mutations may reflect aberrant splicing, rather than a change in a 

single amino acid, premature termination of translation, or nonsense-mediated 

mRNA decay. 

Characterization of substrate-specific splicing factor(s) 

Most pre-mRNAs tested can splice in HeLa S100 extract complemented with 

SR proteins. However, a few pre-mRNAs require one or more additional nuclear 

factors. To ask if the missing activity is an snRNA, I treated nuclear extract with 

micrococal nuclease. The nuclease-treated extract still complemented the SI00 

extract plus SR proteins for splicing of a bovine growth hormone (bGH) mini- 

gene transcript, indicating that the complementing activity is proteinaceous. I then 

asked what kind of cis-elements is associated with this activity. When I optimized 

the 5' splice site or swapped the upstream exon with another exon from a different 

gene, the nuclear activity was still required. This result suggested that this activity 

might be functionally associated with a weak 3'splice site or with the exonic 

splicing enhancer in the bGH last exon. 

I am trying to identify this activity. Preliminary results indicate that it 

fractionates in a 20-50% ammonium sulfate cut. It separated from nucleic acids on 

a CsCl2 gradient and bound to a Poros-HQ column. Further purification is in 

progress. 
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